Dynamic instability in the cytoskeleton underlies a great many vital cellular processes. In neurons, it is thought to play a role in information processing and the establishment of synaptic connections. It is from this interneuronal connectivity that the large-scale organization and function of the brain ultimately emerges. While brain networks above the cellular scale have been extensively investigated with medical imaging, no research has yet examined the contribution of the dynamic architecture subserving the components of these networks to their functionality. Simultaneous functional imaging at molecular and whole-brain scales may yield more comprehensive knowledge of this entailment. Procedures of statistical analysis based on a recently developed nonlinear model of microtubule dynamics are proposed to verify predictions about the spatiotemporal relationships between various microtubule-associated protein activities and functional connectivity. Known effects of brain cancer on functional connectivity and peritumoral complexity serve as the basis for a comparative study of these phenomena in regions of interest with particularly high and low complexity.
INTRODUCTION
1. Overview of Microtubule Dynamics measurement of dynamic instability based partially on local kink excitation intensity as approximated by statistical variation in the motion of fluorescent-labeled kinesins along microtubules in neurons (henceforth neurotubules ). Neurotubules are suitable sites for this measurement because it will be applied to compare dynamic instability in benign neurons, which are terminally differentiated and do not divide, to dynamic instability in neurons recruited by tumors. [5] 
Microtubules in Clinical Oncology
Microtubules have been a subject of great interest in cancer research because of the pivotal role they play in cell division. Many cancer-fighting drugs operate by disrupting their dynamic instability; taxanes , for example, prevent GDP-bound β-tubulin at the tip from depolymerizing, thus inhibiting the onset of catastrophe events necessary for the reformation of microtubules into the mitotic spindle. Vinca alkaloids and colchicine analogues conversely suppress microtubule growth by inhibiting the polymerization of new subunits. [4] All of these microtubule targeting agents (MTAs) are severely cytotoxic; their mechanisms quickly lead to apoptosis, whether they take hold in malignant or benign tissue. This becomes problematic in long-term chemotherapy treatment because cancer cells adapt their signalling pathways to resist the effects of MTAs more quickly than other cells; extended use of MTAs can be a war of attrition. [6] Some MTAs also heighten radiosensitivity, raising the susceptibility of benign tissue to damage during complementary radiotherapy. Moreover, MTAs have been shown to degrade functional connectivity in the brains of chemotherapy patients. [7] Since it is known both that (1) synaptic formation depends on the ability of neurons to adaptively reconfigure axonal neurotubules, and that (2) functional connectivity emerges from the potentiation of synapses, it can be easily inferred from this finding that the restriction of dynamic instability in neurons directly entails the collapse of their communication networks. However, it remains unknown how the presence of a tumor might confound this entailment. Bhat and Setaluri have suggested that cancer cells develop MTA resistance in part by altering their MAP expression profiles to circumvent sabotaged pathways for dynamic instability regulation, but proteomic profiling of tumor MAPs has not yet been achieved in vivo . [8] Comparing distributions of MAPs in tumor cells to those in healthy cells in the brains of chemotherapy patients-as well as to MAP distributions in the whole brains of control subjects without cancer-may reveal how functional connectivity collapses at the molecular level post-chemotherapy and then resurges within tumors. Non-invasive measurement of multiple MAP concentrations could be approximated by the relative reuptake rates of MAPs conjugated to fluorescent labels like the one mentioned earlier for use in kinesin tracking. If tumors are able to maintain their internal communication networks in the long term of MTA chemotherapy despite global attenuation of the BOLD signal used to measure functional connectivity, it may also be worthwhile to investigate communication in the tumor microenvironment (TME) , which comprises the interstitial fluid and extracellular matrices proximal to the endothelial cells separating the tumor from healthy tissue.
Tumor Physiology
At least one thing has become clear over the decades of MTA use in chemotherapy: targeting the cytoskeleton for cell destruction has had devastating consequences for patient wellbeing. One of my principal motivations for writing this proposal is to promulgate the vision of a new approach to cancer treatment that seeks to neutralize tumor growth while killing as few tumor cells as possible. As Swartling et al. advised in 2014, "...current advances in neurodevelopmental biology will inform the brain tumor field and may lead to novel therapies that target the root of cancer, rather than individual branches." [10] Tumors are not simply dysfunctional clumps of cells aggressively spreading without reason; this perception of the pathological state likely descends from a popular yet ill-informed mechanistic interpretation of cells as mechanisms rather than complex systems in the relational sense. [42] Cancer cells act coherently toward complex objectives, and tumors must be understood on their own terms as autonomous developing organs . [9] The systematic maintenance of hypoxia (the state of oxygen depletion) within tumors ( Figure 2 ) is a well known example of organized tumor behavior with relevance to diagnostic imaging. [11] The median level of oxygenation inside brain tumors has been reported to be 1.7% O 2 , an order of magnitude lower than normoxia (typical physiological oxygen content). [11] Tumor hypoxia indirectly activates the transcription factor HIF-1 (Figure 3 ), which modulates via numerous signaling pathways the expression of genes used to stimulate macrophage recruitment, glycolytic metabolism, and the development of blood vessels. [11] [12] [13] Another transcription factor activated under hypoxic conditions is NF-κB, which is thought to regulate synaptic plasticity and dendritic arborization in the nervous system, and thus to subserve learning and memory. [43] [44] It is conceivable that brain tumors, which can recruit nerve fibers, use their local abundance of NF-κB for elements of these processes at the organ scale to support their own communication networks and anticipate threats to their development. As a brain tumor grows in volume, however, Hadjiabadi et al. have found that functional connectivity in the rest of the brain becomes increasingly disrupted: "... brain tumors induce brain-wide alterations of resting-state networks that extend to the contralateral hemisphere, accompanied by global attenuation of the [BOLD] rsfMRI signal. Preliminary histology suggests that some of these alterations in brain connectivity may be attributable to tumor-related remodeling of the neurovasculature." [14] Both correlations and anticorrelations between ROIs which typically characterize the resting state networks diminish as tumors evoke adaptive responses to their encroachment in nearby brain tissue. Fractal complexity analysis of peritumoral space has revealed that while brain tumors appear to exert a local "penumbra of regional cortical suppression" (quantified by a low Hurst exponent, a measure of functional complexity in BOLD rsfMRI) within a range of about 15 mm, just beyond that range tissu es begin to exhibit higher complexity than expected. [15] Hart et al. found in their analysis that the complexity in this region increases "nonmonotonically, suggesting a complex relationship to global changes"-no studies have yet connected this pattern in the resting state BOLD signal to the nonlinear model of microtubule dynamic instability offered by Sataric and Tuszynski, but pending measurements proposed in this paper, BOLD's self-similarity may soon extend all the way down to the level of molecular dynamics. [15] PROPOSAL Evidence from resting state functional connectivity research supports the hypothesis that microtubule dynamic instability may become altered throughout the whole brain in the presence of brain tumors.
(1) Disruption of microtubule dynamic instability by MTAs in chemotherapy has been causally related to the degradation of global functional connectivity following treatment. To help develop a multiscale model of the functional relationship between resting state functional connectivity and microtubule dynamic instability, I propose a non-invasive multimodal imaging study of people with brain tumors (preferably some malignant, some benign). The study will integrate quantum dot fluorescence molecular tomography (qdFMT) with BOLD resting state functional magnetic resonance imaging (rsfMRI) for simultaneous image registration, which has already been achieved several times in the last decade with this pair of modalities. [36] [37] [38] qdFMT was chosen for its superb subcellular spatial resolution (nanometer scale) and unparalleled multispectral protein labeling, whereas rsfMRI was chosen for its supercellular spatial resolution and soft tissue contrast, vital to the accurate localization of tumors. rsfMRI is also preferable to other structural and functional imaging modalities that have been integrated with FMT, such as CT, PET, and near-infrared spectroscopy (NIRS), because radiative methods have been shown to interfere with fluorescence signals and necessitate step mode acquisition. In order to achieve simultaneity without using a single hybrid probe for both modalities, their geometries will need to be aligned mechanically as shown in this schematic by Stuker, Ripoll, and Rudin. (Figure 4 )
This experiment will collect three kinds of data:
(1) Kymographs of the +TIP protein EB3 (end-binding protein 3) conjugated with GFP (green fluorescent protein) to track the polymerization of microtubules at their caps, a technique already tested in vivo for neurons; [29] [45] (2) Kymographs of kinesin-1, the stabilizing MAP4 and ensconsin (a cofactor of kinesin-1), MAP1a, MAP1b, and kinesin-13 MCAK (a catastrophin that increases catastrophe frequency without inhibiting microtubule growth), each conjugated to quantum dots; [21] [46] [47] and (3) BOLD rsfMRI time series using a light-activated contrast agent such as "cross-linked anionic dextran coated iron oxide nanoparticles covalently coupled to a light-sensitive spiropyran (SP)/merocyanine (MC) motif". [40] Light-activatability should be useful for synchronizing the fMRI signal with the fluorescence signals. [39] METHODS
Tracking Microtubule Dynamic Instability with qdFMT
Fluorescence molecular tomography (FMT) is a relatively new optical imaging modality that activates fluorescent nanocrystal probes conjugated to biomolecules with near-IR radiation for in vivo visualization of regions with high concentrations of oxygenated metabolites, such as tumors and plasticizing brain tissue (neurons consume 15% to 16% of all energy from bodily oxygen metabolism, higher than any other cell type). [20] The question of FMT's applicability for in vivo preclinical research is often raised because of the minuscule penetration depth (ranging from millimeters to centimeters) of visible light in tissues; NIR-range light, however, has been used to visualize deep tissues in small animals for well over a decade, and more recently in humans as well. [17] FMT tomographically reconstructs a 3D image from three optical parameters: tissue absorption coefficient, scattering coefficient, and fluorophore distribution. To do this, the machine needs a d iffusion model of light transport in tissue . (Figure 5a ) This model of radiative transport is used to simulate measurements of surface intensity distributions from a set of radiation sources, just like in X-ray CT. Altogether these measurements are stored in a sensitivity matrix , which is inverted by numerical methods such as singular value decomposition (SVD) or the algebraic reconstruction technique (ART) since the problem is under-determined and has no analytical solution. These algorithms are based on the assumption of smoothly distributed fluorophore concentrations among cells of common tissue types, which is not necessarily true and would cause inaccuracies in a fluorescence domain map. [16] Ntziachristos et al. have developed a method of normalizing the intensity measurements to yield a much more accurate map. (Figure 5b )
Quantum Dots
Photobleaching of fluorophores is a major issue in optical imaging during the measurements of the forward problem. Quantum dots are semiconductor nanocrystals used as fluorescent labels that are heavier than organic dyes but more stable against photobleaching and have narrower emission spectra. [25] [27] [28] This enables high-contrast multicolor experiments. (Figure 6 ) Quantum dots must be coated with organic materials to be soluble in cytoplasm. [25] [ 26] Examples of functionalizing conjugates include transferrin, streptavidin, epidermal growth factor (EGF), serotonin, and peptide sequences that can recognize proteins. [26] It is still unclear how best to conjugate quantum dots to MAPs, +TIPs, and kinesins because most microtubule research involving quantum dots focuses on tubulin, and I have foregone tubulin tracking in favor of GFP-labeled EB3 for the higher signal-to-noise ratio reported by Stepanova et al., although successful polymerization of qdot-conjugated tubulin into microtubules has been reported by Jeong and Hollingsworth. [30] One concern in using quantum dots to study protein activities along microtubules is the fact that microtubules rotate and may be difficult for heavier compounds (i.e. those that have been conjugated with nanocrystals) to target; however, Nitzsche, Ruhnow, and Diez showed in 2008 that kinesin-1 was able to transport quantum dots along them without leaving a heavy impact on the microtubule or falling off. [31] Some researchers have tried conjugating fluorophores to taxanes or using analogs of other chemotherapy agents as fluorophores. [22] [23] [24] I am more interested in minimizing cytotoxicity.
Quantifying Microtubule Dynamic Instability
With stabilizing proteins, destabilizing proteins, and an EB3 "comet"all labeled, there is enough information to track the four typical parameters of dynamic instability measurement described by Zwetsloot, Tut, and Straube: growth speed, shrinkage speed, catastrophe rate, and rescue rate . [29] But in light of the hypothesis Sataric and Tuszynski put forth with their nonlinear ferroelectric model of microtubule dynamics-that catastrophe may occur (at higher frequencies in shorter microtubules) without direct protein mediation due to the violent impacts of kink excitations-it seems prudent to revise the linear four-parameter model. [3] This is where the labeling of kinesin-1 becomes essential: subtle perturbations to the protein's motion may result not only from local changes in viscosity, which are unfeasible to compute, but also from these traveling waves conveniently confined by the geometric and ferroelectric properties of microtubules. Because the intensity of a kink excitation due to GTP hydrolysis is proportional to microtubule length-which is easily tracked with GFP-EB3-one can measure a difference between the kinetic energy received from a kink excitation by a kinesin, based on threshold changes in kinesin velocity, and the kinetic energy the kink would have been expected to deliver over the length between the kinesin and the GTP cap where EB3 is labeled. Sataric and Tuszynski formulate the propagation velocity of a kink as:
Where the quantities resolved to the mobility coefficient kink describe the ferroelectric and elastic properties of the microtubule and E is the intrinsic electric field, which they estimate as follows for a stable microtubule of length L , relative dielectric constant r somewhere between 10 and 80, and charge Q = 13 e accounting for one excess e per protofilament:
Thus, kink velocities may be taken to be related to microtubule length, as estimated by a timelapse of the EB3 recording corresponding to the microtubule on which a labeled kinesin is traveling, by an inverse square law. If the kinesin withstands less of an impact than expected, based on the estimated length of its microtubule, it can be reasoned that filament scaffolding and/or unlabeled MAPs have aggregated along the microtubule between the kinesin and the GTP cap and stabilized it. Conversely, a kink that impedes the kinesin longer than expected might indicate the presence of destabilizing catastrophins and signal an imminent catastrophe event.
Introducing the intensity of kink excitations as a factor in this quantitative model invites the possibility of relating the dynamic instability measured for single microtubules to all others connected to them in the cytoskeletal network, because the premature dissipation of kink energy could be routed along connective filaments to neighboring microtubules. This dissipation could be detected experimentally if only two or more adjacent microtubules with sufficient numbers of fluorescent-labeled proteins could be observed during a high intensity kink excitation. Although it was recently surmised that comet trajectories in dense microtubule networks would not yield informative data for dynamic instability analysis, a new model incorporating molecular dynamics methods like the Verlet algorithm (which would compute the net energy dissipated from each microtubule to the rest at each qdFMT time step, with forward and backward corrections) might be a decent basis upon which to start analyzing dynamic instability in dendrites. [29] 
Tracking Multiscale Complexity with BOLD rsfMRI
Obtaining functional connectivity data from the resting state BOLD signal has become an increasingly streamlined process with recent automation and optimization methods. The data processing pipeline to the right indicates the phases of fMRI image production. (Figure 7 ) Data acquisition yields a spatial frequency map which is filtered to mitigate artifacts, interpolated to fit into arrays of square pixels (representing cubic voxels), and then converted to an image in ordinary space by means of the Fourier transform. [49] This reconstruction is followed by various preprocessing techniques which improve image quality, and finally the time series of images can be segmented by ROI and analyzed. Functional connectivity is a statistical abstraction representing temporal correlations between the amplitude of the fMRI signal in different voxels.
rsfMRI Measurement of Tumor Influence
Most magnetic resonance investigations of the effects of tumors on the brain have focused on their disruption of functional connectivity. Both inter-voxel correlations and anticorrelations present in healthy brains have been observed to diminish in the presence of tumors; in fact, the whole brain's BOLD response becomes attenuated in proportion to tumor volume. [14] Therefore, localization of the tumor to a set of voxels is an important preliminary step in assessing its overall influence. Since tumors do not typically confine themselves to a single brain region and stop growing when they dominate it, these voxels together can be thought of as an auxiliary ROI overlaid upon whatever atlas is being used to parcellate the image. index by statistical analysis: the recorded time series at each voxel can be decomposed into a set of wavelets representing activity at different timescales, and the inverse exponential relationship between the variance and scale of these wavelets can then be modeled by a linear regression whose slope approximates the Hurst exponent ( ) and thus the γ H = 2 γ+1 fractal dimension ( ) as well. [15] 
Because the fractal dimension of a time series indicates the persisting complexity of the underlying neuronal functional groups present in a particular voxel, it may be taken to indicate connectivity between neurons within that voxel. Interneuronal connectivity requires axonal cytoskeletons (which have been described as fractal percolation clusters), [50] where there must be high concentrations of connective and stabilizing MAPs, such as MAP4, MAP7/ensconsin, MAP1a, and MAP1b. It can be inferred, then, that the concentrations of these proteins should be lower, microtubule lengths estimated from EB3 should be shorter, significant abrupt changes in kinesin velocities should be greater, and the concentration of the related catastrophin kinesin-13 MCAK may be higher in qdFMT voxels that are superimposed over fMRI voxels with relatively low fractal dimension. Likewise, the proportionality of these quantities ought to inverted in regions with relatively high fractal dimension, such as the edge of the peritumoral suppression region. These relations are the central hypotheses I wish to investigate. Furthermore, correlations between functional connectivity adjacency matrices for ROIs and voxelwise fluorescence signals in those ROIs should be measured to relate the global resting state BOLD signal to the microtubule dynamic instability model for future study. Specifically, tumor-tumor, tumor-healthy, and healthy-healthy voxelwise dynamic instability correlations should be compared to corresponding voxelwise functional connectivity after tumor localization.
CONCLUSION
Brain tumors have been observed to influence the resting state BOLD signal and its behavioral correlates. The self-similar properties of brain function and organization may extend from their observed scales in fMRI studies down to the scale of cellular processes observed by other functional imaging methods such as FMT. Quantum dots should be used as fluorophores in FMT to investigate the relationship between the fractal dimension of fMRI time series and FMT measurements of cytoskeletal stability because resistance to photobleaching is important for the synchronization of the imaging systems throughout the fMRI recording. Neurons are an optimal cell population for this investigation because their relatively stable microtubules should improve the accuracy of the dynamic instability model.
